The effectiveness of transcranial direct current stimulation (tDCS) placed over the motor hotspot 2 (thought to represent the primary motor cortex (M1)) to modulate motor network excitability is 3 highly variable. The premotor cortex-particularly the dorsal premotor cortex (PMd)-may be a 4 promising alternative target to more effectively modulate motor excitability, as it influences motor 5 control across multiple pathways, one independent of M1 and one with direct, modulating 6 connections to M1. This double-blind, placebo-controlled study aimed to differentially excite 7 motor and premotor regions using high-definition tDCS (HD-tDCS) with concurrent functional 8 magnetic resonance imaging (fMRI). HD-tDCS applied over either the motor hotspot or the 9 premotor cortex demonstrated high inter-individual variability in changes on cortical motor 10 excitability. However, HD-tDCS over the premotor cortex led to a higher number of responders 11 and greater changes in local fMRI-based complexity than HD-tDCS over the motor hotspot.
INTRODUCTION
Transcranial direct current stimulation (tDCS) is a noninvasive tool that can modulate cortical 2 excitability in human brain regions 1 . The effects of tDCS on upper limb motor control and motor issue that prevents tDCS from being widely adopted in clinical practice is the high inter-individual 7 variability shown in motor behavioral or cortical physiological changes following M1 8 stimulation 11, 12 . The reasons for this inter-individual variability have not been fully elucidated 13 .
9
One potential solution to reduce the inter-individual variability is to use alternative stimulation 10 sites and/or more precise tDCS montages. In particular, stimulating another entry point into the 11 motor network may lead to more reliable changes following tDCS. The premotor cortex, and 12 particularly the dorsal premotor cortex (PMd), is a promising alternative neural target for 13 modulating motor excitability as it is the second major origin of the corticospinal tract (CST), with
14
30% of CST projections 14, 15 . Non-human primates studies have shown that PMd provides high-15 level control of the upper limb motor commands using a downstream pathway that is independent 16 of M1 14, [16] [17] [18] . Moreover, neural inputs to the hand and forelimb representation in M1 mostly 17 originate from PMd 19,20 , creating a cortico-cortical circuitry that has influences on motor network 18 excitability [21] [22] [23] [24] . Finally, where these cortico-cortical connections exist, the onset of movement-
19
related activity occurs sooner in the premotor cortex than in M1 18, 25 . As such, the premotor cortex 20 may modulate motor output in two ways: first, through its dedicated CST projections to the spinal 21 cord, and second, through its direct controlling connection to M1. Stimulating the premotor cortex 22 could thus make the motor network more susceptible to cortical excitability changes. Only a few on motor network excitability.
5
This lack of direct comparison is likely due to the poor spatial resolution of conventional tDCS 6 montages. The distribution of the electrical current using a standard tDCS montage is relatively 7 diffuse, leading to changes far beyond the stimulated regions 27 . Therefore, when M1 is targeted 8 using conventional tDCS, at least a part of PMd 28 is also likely stimulated. In contrast, high-9 definition tDCS (HD-tDCS) devices provide the ability to increase stimulation focality 29 , making 10 it potentially easier to differentially target M1 versus PMd. Although there is still likely some 11 overlap in the stimulation due to the anatomical proximity of these regions, the ring configuration 12 of the HD-tDCS montage helps to concentrate the peak stimulation over the desired region.
13
In the current study, we focused on comparing (1) changes in cortical motor physiology and (2) 14 changes in motor network connectivity and complexity across these three groups. Motor evoked 15 potentials (MEP) 1 were used to evaluate cortical motor excitability locally at the motor hotspot,
16
while resting-state fMRI (rs-fMRI) 30 was used to measure brain activity pre-and post-stimulation 17 across the motor network. From the rs-fMRI data, we measured both functional connectivity of the to the assigned target brain area to see whether variability in the anatomical location of the 7 stimulated area might relate to HD-tDCS responsiveness.
RESULTS

1
Demographics
2
Forty-six healthy participants took part in this double-blind, placebo-controlled study (Table 1) combined the data to form a single Sham group, which was used in all the following analyses.
20
We then checked to see whether the initial cortical excitability (RMT, stimulator intensity to 21 induce TS0.75mV) between the 3 groups was similar (Table 1) . Using two separate one-way
22
ANOVAs with "Group" (Motor Hotspot, Premotor, Sham) as a factor, we found that there were no 23 significant differences between the 3 groups in the RMT (n = 45, Group effect: F(2) = 0.50, p = Inter-individual variability in HD-tDCS response 4 Next, we examined differences in the reliability of tDCS to induce changes in cortical motor 5 excitability across the 3 groups by assessing the number of individuals who responded to tDCS.
6
We defined the "responders" as participants who showed an increase in MEP amplitude following Fig. 2 ).
A two-way RM-ANOVA was performed on MEP amplitude, with "Time" (pre-HD-tDCS, 
11
Due to the large inter-individual variability, we then examined a priori comparisons of pre-versus HD-tDCS-associated changes in MSE across the 3 groups (Fig. 3) . and the left premotor cortex matched the conventional/anatomical definitions for these regions ( Fig.   19 4), and whether this could explain variability in HD-tDCS effects.
20
In the Motor Hotspot group, the average minimal Hausdorff's distance between individual's 21 cortex-projected stimulated region (i.e., the motor hotspot) and the standard M1 ROI was 3.79  anatomical PMd group (t(19)=2.28, p=0.03).
15
These results suggest that there is large inter-individual variability in the left motor hotspot and 16 the premotor cortex anatomical localization using canonical methods employed in a majority of 17 tDCS studies (e.g., TMS-defined motor hotspot 6-10,12,38-44 and PMd defined as 2.5 cm anterior to 18 the motor hotspot [45] [46] [47] [48] ). In particular, many individuals in the Motor Hotspot group had stimulation
We, therefore, compared the location of the stimulation sites between responders and non- anatomical PMd region, regardless of group allocation (see Supplementary Fig. 4 ), while the 5 anatomical location of the stimulation site in non-responders across groups was more widespread.
DISCUSSION
1
In this study, we performed a systematic, double-blind investigation using concurrent HD-tDCS 2 and fMRI to examine changes in brain network connectivity and complexity after HD-tDCS and function at the individual level instead of following a one-size-fits-all method.
10
The current study also has several limitations. First, although the size of our groups (n=15-16 11 per group) is relatively large for studies looking at cortical excitability following brain stimulation,
12
these groups are still relatively small, especially given the large variability within each group.
13
Replicating these results in a larger sample would be useful. A second limitation is that the current
14
Sham group included half motor hotspot and half the premotor cortex electrode positions, which
15
showed no significant differences with one another, and which we, therefore, combined into a The study involved a single three-hour visit which included the following 3 sessions (see MRI TMS session to measure changes in neurophysiological measurements following HD-tDCS.
16
To our knowledge, this is the first known randomized, double-blinded group study using a 17 concurrent HD-tDCS and fMRI paradigm in humans. Intervention section below for details on the TMS paradigms). MEPs were recording using Signal 11 6.05 software (Cambridge Electronic Design Ltd., UK).
12
MRI session
13
Immediately following the first TMS session, participants were fitted with the HD-tDCS cap the HD-tDCS stimulation was about to start, and we checked with them after the ramp-up to see if they were fine with the associated scalp sensations. Before the third rs-fMRI run, we let them know 1 that the HD-tDCS had ended and that it would be the final rs-fMRI run. 
Brain stimulation intervention
17
TMS paradigm
18
We defined the left motor hotspot using a canonical definition of the spot at which the maximal
19
MEP peak-to-peak amplitude was recorded in the FDI muscle using a single TMS pulse at a given 20 suprathreshold intensity (starting at 50% of the maximum stimulator output) [38] [39] [40] [41] [42] [43] . At this location,
21
we defined the RMT as the intensity of the stimulator that induced an MEP of at least 50 µV peak-to-peak amplitude in 5 out of 10 trials 64 and the TS0.75mV peak-to-peak amplitude in 5 out of 10 with a 7s ± 10% inter-trial duration. This paradigm included 20 single-pulse trials using the TS0.75mV
4
(the peak-to-peak amplitude of these trials will be referred to as MEP amplitude), and 20 paired-5 pulse trials using a conditioning stimulus (CT) at 80% of the RMT 2.5ms before the TS0.75mV (HD-6 tDCS did not impact the amplitude of the SICI trials, for more details see Supplementary Data 5).
7
For 6 participants (2 in each group), we were unable to reach the intensity needed to elicit an 8 MEP of 0.75mV, or even 0.5mV. In these cases, we used the RMT as the test stimulus to acquire 9 MEP amplitude. For one additional participant in the Motor Hotspot group, we were only able to 10 localize the motor hotspot but did not acquire any other neurophysiological measurements due to 11 the participant's reported discomfort. This participant was included only in the rs-fMRI analyses.
13
HD-tDCS experiment 14 We used the Soterix MRI-compatible HD-tDCS system (4x1 ring configuration) to deliver 15 tDCS (1mA) for 7 minutes during an fMRI session (see Fig. 6 ). We used 5 small gel-filled 
Localization of the HD-tDCS targets
For the Motor Hotspot group, we positioned the center electrode over the left motor hotspot.
1
For the Premotor group, we positioned the center electrode 2.5cm anteriorly to the motor hotspot, MNI space and smoothed them using a Gaussian filter of 6mm.
8
To measure functional changes in the motor network, we compared the functional connectivity ROIs. We used factors of "Time" (pre-HD-tDCS, post-HD-tDCS) and "Group" (Motor Hotspot, Anatomical location of the stimulation site 4 We used the previously defined ROIs to define the standard M1 and PMd locations (see Fig. 7 ).
5
The standard M1 ROI matched the location of the hand knob 3 , which is commonly thought to In all the participants, the stimulation ROI was defined by a cortex-projection of the center 10 electrode of the 4*1 ring. We projected the scalp coordinates of the center of this electrode on the 
